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Solidification of Bi2Sr2CaCu2Oy and Bi2Sr1.75Ca0.25CuOy
Abstract
The solidification processes for the compositions Bi2Sr2CaCu2Oy (2212) and Bi2Sr1.75Ca0.25CuOy (2201)
were determined as a function of oxygen partial pressure. During solidification in argon, the superconducting
phases were generally not observed to form for either composition. In both cases, the solidus is lowered to
approximately 750 °C. Solidification of Bi2Sr1.75Ca0.25CuOy in Ar resulted in a divorced eutectic structure of
Bi2Sr2−xCaxOy (22x) and Cu2O while solidification of Bi2Sr2CaCu2Oy in Ar resulted in a divorced eutectic
structure of Bi2Sr3−xCaxOy (23x) and Cu2O. Solidification of Bi2Sr1.75Ca0.25CuOy in O2 resulted in large
grains of 2201 interspersed with small regions containing the eutectic structure of 22x and CuO/Cu2O.
Solidification of Bi2Sr2CaCu2Oy in partial pressures of 1%, 20%, and 100% oxygen resulted in multiphase
samples consisting of 2212, 2201, some alkaline-earth cuprates, and both divorced eutectic structures found
during solidification in Ar. For both compositions, these latter structures can be attributed to oxygen
deficiencies present in the melt regardless of the overpressure of oxygen. These eutectic structures are unstable
and convert into the superconducting phases during subsequent anneals in oxygen. The formation process of
the 2212 phase during solidification from the melt was determined to proceed through an intermediate state
involving the 2201 phase.
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The solidification processes for the compositions Bi2Sr2CaCu20y (2212) and
Bi2Sri.75Cao.25CuOy (2201) were determined as a function of oxygen partial pressure.
During solidification in argon, the superconducting phases were generally not observed
to form for either composition. In both cases, the solidus is lowered to approximately
750 °C. Solidification of Bi2Sri 75Ca0.25CuOy in Ar resulted in a divorced eutectic
structure of Bi2Sr2_A:Cax0>, (22JC) and Cu2O while solidification of Bi2Sr2CaCu20>, in Ar
resulted in a divorced eutectic structure of Bi2Sr3_xCa;c03, (23x) and Cu2O. Solidification
of Bi2Sri.75Cao.25CuOy in O2 resulted in large grains of 2201 interspersed with small
regions containing the eutectic structure of 22* and CuO/Cu2O. Solidification of
Bi2Sr2CaCu2Oy in partial pressures of 1%, 20%, and 100% oxygen resulted in multiphase
samples consisting of 2212, 2201, some alkaline-earth cuprates, and both divorced
eutectic structures found during solidification in Ar. For both compositions, these latter
structures can be attributed to oxygen deficiencies present in the melt regardless of the
overpressure of oxygen. These eutectic structures are unstable and convert into the
superconducting phases during subsequent anneals in oxygen. The formation process of
the 2212 phase during solidification from the melt was determined to proceed through
an intermediate state involving the 2201 phase.
I. INTRODUCTION
Heat treatments in the partially melted state are
commonly employed during processing of the Bi2Sr2-
CaCu2Oy (2212) superconductor in order to fabricate
highly textured wires, tapes, and thick films capable
of handling high critical current densities (Jc).ia These
materials have been reported to have 7c's in excess of
1 X 104 A/cm2 at 4.2 K in magnetic fields greater than
20 T.3"5 Hence, new possibilities may exist for transport
or magnet applications if the production of these materi-
als can be scaled up commercially. To accomplish this,
a detailed understanding of the mechanisms involved in
melt processing is required.
Previous studies have shown that Sri_xCa^CuO2
and a Bi-rich liquid result from the incongruent melting
of 2212 around 870 °C in air.6-9 With further heating,
Srx^Ca^CuO2 transforms into S ^ C a ^ C u ^ and
finally (Sr, Ca)O.9 Excesses of Bi or the presence of
Ag were also found to lower the melting point by as
much as 30 °C.9 In contrast, less is understood about
the sequence of crystallization events that occurs during
solidification from the molten state. One study reported
that the 2212 phase crystallizes from the melt around
850 °C and coexists with a liquid phase. With further
cooling, the liquid phase crystallizes at 730 °C as the
low-temperature superconductor Bi2Sr2_^Ca^Cu0J
(2201).7 Another study reported that the 2212 phase
that forms upon cooling around 870 °C is unstable below
800 °C and transforms into 2201.8 There is also consid-
erable debate as to whether the 2212 phase crystallizes
directly from the melt6"8'10 or via an intermediate state
involving the 2201 phase.1'2
Difficulties have also been encountered in control-
ling the microstructure and phase assemblage after heat-
treating samples in the partially molten state.10'11 Some
of the alkaline-earth cuprates that form during melt-
processing of nominal 2212 wires do not disappear upon
annealing below the peritectic even though they are
not part of the reported equilibrium phase assemblage
for the composition used. However, it may be possible
to circumvent some of the reported problems with a
suitable choice of the oxygen partial pressure during melt
processing. It was reported that essentially single-phase
2212 material could be produced from oxygen-deficient
melt-cast samples provided the sample is not oxidized
too quickly during the subsequent anneal.12 The results
of this latter study suggest that oxygen plays a key role in
determining phase formation during solidification from
the molten state.
None of the high-temperature x-ray or quenching
studies discussed above considered the effect of oxy-
gen partial pressure on the melting and crystallization
processes, although such information is clearly needed.
Oxygen deficiencies that exist in the melt can be retained
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in melt-cast or glassy materials.12'13 Differential thermal
analysis (DTA) has shown a significant lowering of the
solidus as a function of oxygen partial pressure from
roughly 850 °C in O2 to 750 °C in nitrogen.14 Solidifi-
cation in N2 resulted in a eutectic structure consisting
of Bi2Sr3^Cax06 and Cu2O.15 These phases were found
to be unstable when annealed in air, and, when present
in melt-cast samples, helped promote the recovery of
single-phase material during postannealing.15
In order to develop a reliable and efficient process
for melt-processing of wires, tapes, or bulk forms, the
melting and crystallization mechanisms involved for both
the 2201 and 2212 phases must be clearly under-
stood. In this paper, the phases and microstructures that
result during solidification from the melt as a function
of the oxygen partial pressure were investigated for rep-
resentative compositions of the 2212 and 2201 phases.
II. EXPERIMENTAL PROCEDURE
Material used in this study was initially processed
by a splat-quench technique in order to obtain a dense
amorphous starting material.13 Portions of the samples
were then annealed at 865 °C in oxygen or 750 °C
in argon for 100 h prior to use in DTA or solidi-
fication experiments. Temperatures of thermal events
were determined by differential thermal analysis using a
Perkin-Elmer 1700 system. Experiments were performed
in flowing O2 or Ar on approximately 40 mg of freshly
ground powder. Temperature measurements by DTA
were calibrated using certified reference materials SrCO3
and SiO2. Measured temperatures were found to be
within ±3 °C of accepted values. Both the onset and
peak temperatures are reported for scans in this paper.
A midpoint is reported for transitions involving only a
change in baseline.
Each of the samples examined by DTA was also
melted on MgO single-crystal wafers. This melting step
consisted of heating at 10 °C/min to 1000 °C in var-
ious partial pressures of O2 or 900 °C in Ar, holding
for 15 min, and then cooling at 10 °C/min to room
temperature. Thermal events observed by DTA were
then identified by microstructural and compositional
analysis of the solidified samples. A Philips x-ray diffrac-
tometer equipped with a Cu target and operated at
40 kV was used for 6-26 powder x-ray diffraction scans.
Microstructural and chemical analyses were performed
on a JEOL 850A scanning electron microscope (SEM)
operated at 15 kV and equipped with a Tracor Northern
energy dispersive x-ray analysis unit (EDX). A Philips
CM-30 transmission electron microscope (TEM) oper-
ated at 100 kV and 300 kV was used for additional
chemical analysis, phase identification, and microstruc-
tural analysis. The voltage was intentionally limited to
100 kV during analytical work to minimize electron
beam damage to TEM specimens. In both the SEM
and TEM, quantitative analysis was used to determine
cation compositions only.16 Reported compositions in
this paper have been normalized to the number of
cations in each phase as found in the literature.17'18 The
superconducting properties were monitored with a low-
field SQUID magnetometer and a standard four-probe
resistivity apparatus.
III. RESULTS AND DISCUSSION
A. Starting material
Two compositions, Bi2Sr2CaCu20y and Bi2Sr175-
Cao.^CuOy, were used to study the melting and crys-
tallization process. The composition Bi2Sr! vsCao^CuOj,
was chosen to represent 2201 since this phase usually
contains around 5 at. % Ca when found in combination
with 2212. The 2212 and 2201 phases are solid solutions,
and the nomenclature used here refers only to phases and
not actual compositions.19'20 Measured compositions of
these phases generally have a slight excess of Bi and
deficiency in the alkaline earths. However, the ideal
stoichiometries of Bi, Sr + Ca, and Cu were used for
direct comparison with previous studies found in the
literature.
Samples of Bi2Sri.75Cao.25CuOy and Bi2Sr2Ca-
Q^Oy, which were annealed in Ar at 750 °C or O2
at 865 °C, were characterized by x-ray diffraction and
electron microscopy prior to their use in DTA and so-
lidification experiments. X-ray scans and compositional
measurements of the phases present in these samples
can be found in Fig. 1 and Tables I and II, respectively.
Heat treatment of B^Sri.ysCao.^CuOy in O2 resulted
in primarily 2201 plus minor amounts of 2212 and
Sr14_ICaxCu240>,.17 After the argon anneal, the major
phases present were Bi2Sr2_xCa^Oy18 and Cu2O plus
a small amount of 2201. A complete decomposition
of this sample in argon was not quite achieved as
indicated by the small amount of 2201 still present. For
the composition Bi2Sr2CaCu20)I, the anneal in oxygen
resulted in the 2212 phase with only a minor amount
of Sr14_A:CaxCu24O41. Annealing this sample in argon
produced Bi2Sr3_A;Ca^O>, and Cu2O as the major phases
plus a small amount of Bi2Sr2_^Cax0r18 The phases
that form in Ar for both of these compositions can be
considered as the stable intermediate phases since, in
principle, these compositions should be reducible to
elemental form.
B. Melting and crystallization of 2201
Crystallization processes of a nominal 2201 sample
were investigated for comparison purposes since the
2201 phase is commonly found in solidified samples
with a nominal 2212 stoichiometry. DTA scans in O2 and
Ar of annealed Bi2Sr1.75Ca0.25CuO>, samples are shown
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FIG. 1. X-ray diffraction scans of the Bi2Sr2CaGi2Oy sample an-
nealed for 100 h in (a) O2 at 865 °C and (b) Ar at 750 °C. Also shown
are the x-ray scans of the Bi2Sri.75Cao.25CuOy sample annealed for
100 h in (c) O2 at 865 °C and (d) Ar at 750 °C. The major phases
are marked as (x) 2212, (o) 23JC, (t) 2201, and (#) 22x.
in Fig. 2. Onset and peak temperatures are listed in
Table III. Samples were also melted on MgO wafers in
O2 and Ar, respectively, and solidified at 10 °C/min.
Backscattered electron micrographs of these samples are
shown in Fig. 3. Measured compositions of the phases
present can be found in Table I. Since this composition
was processed using an alumina crucible, a small amount
of aluminum contamination (<2 at. %) occurs resulting
in the formation of an Al—Sr-Ca—O phase in both
samples.21 From the DTA scans, it is readily apparent
that the solidus is substantially reduced from 875 °C
in O2 to 745 °C in Ar. The small endotherm around
800 °C in the DTA scan in Ar most likely results from
some residual 2201 phase left over in the Ar annealed
sample as discussed above. No corresponding event is
seen on cooling. As shown in Fig. 3(a), the phases that
formed during solidification in Ar were large grains of
Bi2Sr2_xCaA:0>, plus a divorced eutectic structure con-
sisting primarily of Cu2O and Bi2Sr2_^CaA:0), (22x) with
small amounts of 2201 and Bi2ST3_xCax0y (23x). Based
on the microstructure, the first exotherm seen on cooling
in Ar can be assigned to the primary crystallization
of 22x. The second exotherm represents the eutectic
solidification of the remaining liquid resulting primarily
in Cu2O and 22* with small amounts of 23x and 2201.
The 2201 found in this eutectic structure probably results
from the partition of remaining oxygen during solidifi-
cation of the final phases. Whatever excess oxygen is
available is used to form 2201 while the remainder of
the liquid solidifies as Cu2O and 22x.
Solidification of B^SrusCao^sCao.^CuOj, in oxy-
gen resulted in large, well-formed grains of the 2201
phase with small regions of a divorced eutectic struc-
ture interspersed between them, as shown in Fig. 3(b).
This divorced eutectic structure consisted of 22x and
CuO/Cu2O with small amounts of 2201 and 23x. This
divorced eutectic structure is present due to oxygen defi-
ciencies in the melt. The solidification rate of 10 °C/min
was too fast for the sample to be equilibrated with the
oxygen overpressure. Since solidification is a nonequi-
librium process, the presence of both Cu2O and CuO
is not surprising. The small amount of 23x found in
the eutectic structure can be accounted for by small
variations between the nominal stoichiometry of the
sample and the actual compositions of the primary
phases. Based on this microstructure, the two exotherms
seen in DTA can be assigned to the solidification of
2201 around 865 °C, followed by eutectic solidifica-
tion of the remaining liquid around 750 °C as 22.x,
2201, 23JC, and CuO/Cu2O. The small exotherm found
TABLE I. Phases and compositions found during compositional analysis of annealed and solidified samples of Bi2Sri.75Cao.25CuOj,. Phases
marked with an (M) were present in minor amounts.
Melt/anneal Phases
Anneal O2, 865 °C, 100 h
Anneal Ar, 750 °C, 100 h
Anneal O2, 865 °C, 100 h
Melt O2, 1000 °C, cool 10 °C/min
Anneal Ar 750 °C, 100 h
Melt Ar, 900 °C, cool 10 °C/min
Bi2.09Sr1.60Cao.27Cu1.04Oy
Bi2.09Sr1.53Cao.29Cuo.09Oj
Bi2.2oSri .71 Cao.12Cuo.97Oy
Bio.56Sr8.55Ca5.6sCu23.24Oy
Cu2O/CuO (M)-B
Bi2.14Sri60Cao.24Oy
Bi2.12Sr1.22Cao.64Cuo.04Oy CuO/Cu2O
(M)-CaO
Cu2O/Cu2O
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TABLE II. Phases and compositions found during compositional analysis of annealed and solidified samples of Bi2Sr2CaCu20j,. Phases
marked with an (M) were present in minor amounts.
Melt/anneal Phases
Anneal O2, 865 °C, 100 h
Anneal Ar, 750 °C, 100 h
Anneal O2, 865 °C, 100 h
Melt O2, 1000 °C
Solidified at 10 °C/min
Anneal O2, 865 °C, 100 h
Melt 20% O2, 1000 °C
Solidified at 10 °C/min
Anneal O2, 865 °C, 100 h
Melt 1% O2, 1000 °C
Solidified at 10 °C/min
Anneal Ar, 750 °C, 100 h
Melt Ar, 900 °C
Solidified at 10 °C/min
Anneal O2, 865 °C, 100 h
Melt O2, 1000 °C, cool 10 °C/min
Anneal O2, 850 °C, 100 h
Anneal Ar, 750 °C, 100 h
Melt Ar, 900 °C, cool 10 °C/min
Anneal O2, 850 °C, 100 h
Biz15Sr1.95Cao.91Cu1.99Oj,
Biz35Sr2.15Cao.66Cu1.84Oy
Bio.01Sro.60Ca1.43Cuo.97Oj,
Bi2.i6Sr2.60 Cai .21 Cuo.o4 Oj,
j + Cu2O
Bi2.38Sr2.i2Cao.58Cui 91 Oj,
Sro.68Cao.32Cu1.ooOj, CaO
Bi1.99Sr2.04Cao.94Cuo.03Oj, + Cu 2 O/CuO
Bi2.31Sr1.96Ca0.72Cu2.00Oj,
CaO
Bi2.07Sr2.03Cao.87Cuo.03Oj, + Cu2O/CuO
(M)-Bi2.i0Sro.87Ca0.93Cuo.iiOj,
Bi2.ooSr2.25Cao.69Cuo.06Oj, + Cu2O/CuO CaO
(M)-Bi2.2oSri.46Cao.34Cui.oi Oj,
CuO/Cu2O (Af)-E
Bi2.17Sr2.15Cao.66Cuo.97Oj,
Bio.l6Sr9.1oCa5.41 Cu23.33Oj, Sro.68Cao.34Cuo.98Oj,
CaO
Bi2.i7SrL62Ca0.2iCui.ooOj,
Bi2.i7Sri.62Caa2iCui.ooOj, CaO
Sr0.66Ca1.33Cu1.00Oj, Bio.i8Srg30Ca5.54Cua.98Oj,
Bi2.OTSr2.49Ca1.28Cuo.03Oj,
r7.79Ca6.24 CU23.73 Oj,
30j, CaO
Biz17Sr2.41Ca1.34Cuo.08Oj, CuO
around 940 °C is probably associated with the formation
of the A l - S r - C a - 0 phase since this phase is evenly
distributed throughout the sample.
C. Melting and crystallization of 2212
Considerably more effort was devoted to the 2212
composition due to the complexity of the melting and
crystallization processes. This composition was pro-
cessed with a Pt crucible to avoid the Al contamination
discussed above. Shown in Figs. 4 and 5 are the results
of the DTA experiments performed with several partial
pressures of oxygen using heating and cooling rates of
2 °C/min and 10 0C/min, respectively. The temperatures
at which the thermal events occurred can be found in
Table III. The starting material in most of the exper-
iments was initially annealed in oxygen. The melting
point of 2212 was determined from these experiments
to be 895 °C in 100% O2, 884 °C in 20% O2, 869 °C
in 8% O2, and 840 °C in 1% O2. An additional scan
was performed in Ar on material initially annealed in
Ar in order to resolve the melting events in Ar. In
the latter case, the main melting event occurs around
820 °C with only a small endotherm present at 777 °C.
The broad endotherm seen in the DTA scan in Ar
of the O2 annealed sample is believed to result from
an undetermined oxygen partial pressure due to the
evolution of oxygen from the sample during heating.
In order to identify each event seen in the cooling
curves of Fig. 5, samples were melted and solidified
on MgO wafers in Ar and 1%, 20%, and 100% O2.
Backscattered electron micrographs from polished cross
sections of these melts are shown in Fig. 6. The segre-
gation of large CaO particles in the melt was common
among all the samples melted on MgO. These particles
were found to accumulate toward the top of the melt
as shown in the overall microstructure of these samples.
As shown in Fig. 7, many of the alkaline-earth cuprate
needles found in these samples contained embedded CaO
particles, suggesting that CaO acts as a nucleation site for
the formation of these phases during both solidification
and subsequent anneals. This presents a significant prob-
lem for melt-processing of large-form bulk materials, but
it may be possible to control by a slight compositional
variation.22
Figures 6(a) and 6(b) show the resulting microstruc-
ture of the Ar-annealed 2212 starting material after
melting in Ar at 900 °C and cooling at 10 °C/min.
This sample consisted of large grains of B ^ S ^ C a ^ O ^
(23x) surrounded by a divorced eutectic structure of 23*
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FIG. 2. DTA heating and cooling scans in Ar and O2 of Bi2Sri 75-
Cao.25CuO^ material annealed in Ar and 02, respectively. Tempera-
tures of thermal events can be found in Table III.
and Cu2O in agreement with previous work.15 Small
amounts of 2201 and Bi2Sr2_^Caj:0>, (22JC) were also
found in this latter structure and are present to account
for compositional variations. In addition, CaO particles
could be found throughout the sample, and a few longer
needles of the 2201 phase could be found near the
bottom, as shown in Fig. 6(a). The small amount of
2201 that forms instead of 22x and Cu2O is probably
due to some residual oxygen present in the sample as
discussed previously. Based on this microstructure, the
crystallization events seen in the DTA cooling scan in
Ar of the Ar-annealed starting material can be identified
as the crystallization of 23JC around 800 °C, followed
by the divorced eutectic solidification around 750 °C of
23x, Cu2O, and small amounts of 22x/2201. The tail
seen on the first exotherm is consistent with a simple
eutectic-type solidification process.23
With the addition of oxygen, the crystallization
process becomes more complex as evidenced by Figs. 5
and 6. Hence, it was necessary to use several oxygen
partial pressures in order to clearly identify the solidi-
fication process. Backscattered electron micrographs of
samples solidified at 10 °C/min from 1000 °C in 1%
and 20% O2 can be found in Figs. 6(c)-6(f). The major
phases were identified by EDS analysis in the SEM as
23x, 22JC, C U 2 O / C U O , 2212, 2201, and S r ^ C
(1:1). The large number of phases present in these
samples is due to oxygen deficiencies in the melt and
the fast solidification rate of 10 °C/min which does
not allow for an equilibration of the sample with the
overpressure of oxygen. Hence, it is possible for both
Cu2O and CuO to be present in these samples. CaO is
clearly visible in Figs. 6(c) and 6(e) as the large, dark
particles in the top portions of the samples. The overall
microstructure of these samples shows that solidification
proceeded from the top surface of the sample down
toward the substrate. Hence, there is very little texturing
of the 2212 or 2201 phases parallel to the substrate.
In the samples solidified in 1% and 20% O2, the
1:1 phase was found primarily toward the surface of
the sample, indicating that it was one of the first phases
to crystallize on cooling. Needles of this phase were
found to be rather large and often contained embedded
particles of CaO. The separation of CaO in the melt
and the crystallization of the 1:1 phase result in a
comparatively Bi-rich liquid in the molten state. Hence,
several Bi-rich phases can be expected to form during
further solidification in addition to 2212 even though
the equilibrium phases for this particular composition
are 2212 and small amounts of Sr i^Ca^Cu^O^. This
indeed seems to be the case as both the 22x and 2201
phases are found in these samples. The 2212 and 2201
phases were generally found together as long, slender
needles in a layered microstructure. The bottom half of
the solidified samples was found to contain, in addition
to 2201 and 2212, both primary grains of 23* along
with the divorced eutectic microstructure containing 23*,
22x, 2201, and Cu2O/CuO. The dark rods of the eutectic
structure are Cu2O. In general, it was found that as the
oxygen partial pressures used during solidification were
increased, the amounts of 2201, 2212, and the alkaline-
earth cuprates also increased at the expense of 23*, 22*,
and Cu2O/CuO. In addition, proportionately more of the
2212 phase was found compared with the 2201 phase
with the increased oxygen partial pressures.
The observed onset temperatures for the first DTA
exotherm on cooling were always higher than the melting
temperature of the 2212 phase in each of the correspond-
ing heating curves shown in Figs. 4 and 5. Since the
melting point of 2212 decreases in proportion to the
oxygen partial pressure and the melt is known to be
oxygen deficient, the first exotherm cannot be associated
with the formation of 2201/2212 and is assigned to the
crystallization of the 1:1 phase. This is consistent with
the observed microstructure showing the 1:1 phase to
be primarily near the surface of the sample. This event
does not define the liquidus temperature. Well-formed
particles of CaO can be found in glasses quenched from
1075 °C, suggesting that the primary phase field is CaO
plus a liquid.21 This is consistent with the CaO sepa-
ration found to occur during melting and solidification
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TABLE III. Onset and peak temperatures of thermal events determined from DTA experiments.
Bi2Sr,
Ar
02
Ar
Ar
1%
8%
20%
100%
:CaC
o2
O2
O2
O2
Heating
Onset
10.25CuO,
747 °C
875 °C
777 °C
801 °C
840 °C
869 °C
884 °C
895 °C
endotherm
Peak
763
901
833
834
855
878
890
903
°C
°C
°C
°C
°C
°C
°C
°C
Heating
Onset
819 °C
944 °C
820 °C
endotherm
Peak
839 °C
946 °C
833 °C
Cooling
Onset
770
939
815
785
842
881
902
921
°C
°C
°c
°c
°c
°c
°c
°c
exotherm
Peak
761 °C
934 °C
802 °C
776 °C
826 °C
872 °C
893 °C
902 °C
Cooling
Onset
742 °C
865 °C
757 °C
754 °C
804 °C
839 °C
851 °C
866 °C
exotherm
Peak
735 °C
863 °C
749 °C
739 °C
777 °C
823 °C
839 °C
833 °C
Cooling
Onset
736 °C
760 °C
750 °C
751 °C
743 °C
exotherm
Peak
733 °C
742 °C
732 "C
721 °C
738 °C
(a)
. (b)
FIG. 3. Backscattered electron micrographs of Bi2Sri.75Cao.25CuOj,
sample melted in (a) Ar and (b) O2. The phases and structures present
can be identified as (A) 2201, (B) 22*, (C) 23x, (D) A l - S r - C a - O ,
and (El) divorced eutectic structure of 22x and Q12O/CUO.
in this study. The middle exotherm is assigned to the
crystallization of 2201 and/or 2212. Onset temperatures
for this exotherm were in all cases lower than the corre-
sponding onsets for the melting events observed during
heating. The tail associated with this latter exotherm
suggests that the 2212/2201 phases continue to solid-
o
0)
3
&
V
700 750 800 850 900
Temperature (°C)
950
FIG. 4. Melting events determined by DTA as a function of oxygen
partial pressure for the 2212 composition that was initially annealed
in O2. In one case, (f), the initial material was annealed in Ar.
Temperatures of thermal events can be found in Table III.
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FIG. 5. Cooling curves from DTA for 2212 samples initially annealed
in O2. In one case, (f), the starting material was initially annealed in
Ar. Temperatures of thermal events can be found in Table III.
ify as the eutectic temperature is approached. The third
exotherm corresponds to the eutectic crystallization of
23x, 22x, 2201, and Cu2O/CuO. These phases are found
primarily in the bottom of the sample. Onset tempera-
tures match well with the same events seen on cooling in
Ar. The third exotherm is really a superposition of sev-
eral crystallization events. With decreasing oxygen par-
tial pressures, this peak grows and broadens and finally
splits into two exotherms for the samples solidified in Ar.
The first and second DTA exotherms that occur
on cooling in 100% O2 are much more intense while
the third exotherm is, in this case, only a small
shift in the baseline. The phases identified by EDS
analysis in this sample are 2212, 2201, Sr^Ca^CuOy
(1:1), Sr^Ca^CuO, (2:1), S r ^ C a . C u ^ O y (14:24),
Bi2Sr4_vtCa;c0;y (24JC), CaO, CuO/Cu2O, and 22JC.
Specific compositions are listed in Table II. Figure 6(g)
shows a split microstructure in which 2Ax, CaO, and
the alkaline-earth cuprates are confined primarily in
the top layer of the sample. The 24x phase, found
only in the sample solidified in 100% O2, can be
identified in these micrographs by its rather blocky
appearance compared with the plate-like morphology of
the superconducting phases. The alkaline-earth cuprates
and CaO appear as the large dark needles and particles in
the backscattered micrographs. In the bottom half of the
sample, the phases present were primarily 2212, 2201,
and a divorced eutectic structure of CuO/Cu2O, 2201,
and 22*, as shown in Fig. 6(h). The presence of this
latter structure can be attributed to an incomplete uptake
of oxygen during cooling. The solidification of this
divorced eutectic structure occurs last and is responsible
for the small change in baseline around 750 °C in
the DTA cooling curve. This assignment is consistent
with the previous experiments discussed above. The
crystallization of the 1:1 phase and 2212/2201 is again
assigned to the first and second exotherms, respectively,
based on both the observed microstructure and the results
from the previous experiments in 1% and 20% O2. The
fact that the 24;e, 2 : 1 , and 14:24 phases are found
primarily near the top surface of the samples suggests
that the crystallization of these phases also occurs with
the first exotherm. However, this cannot be completely
verified as the second exotherm also contains some
structure suggesting an additional crystallization event
besides that of the 2212/2201 phases.
D. Formation of the 2212 phase during
solidification
It is difficult to determine whether the 2212 phase
solidifies directly from the melt or forms via an inter-
mediate phase. While the techniques used in the study
do not allow for a direct observation of its formation, it
is believed that the 2212 phase forms via intermediate
2201 phase based on DTA, microstructural analysis, and
the results of a previous study.13 As shown in Table III,
onset temperatures were approximately the same for the
exotherms associated with the formation of 2201 and/or
2212 in both compositions. Shown in Fig. 8 are SEM
and TEM micrographs taken from the sample solidified
in O2. The SEM micrograph shows a typical layered
microstructure of the 2201 and 2212 phases that form
during solidification in partial pressures of oxygen. EDS
analysis revealed the 2212 phase to be Bi-rich and
Cu-deficient which is an indication of a large number
of 2201 intergrowths within the 2212 grains.19 TEM
showed the 2212 grains to contain single and multiple
intergrowths of the 2201 phase, as shown in Fig. 8(b).
On the other hand, no intergrowths of the 2212 phase
could be found in grains of 2201. This microstructure
suggests that the 2201 phase nucleates first, but rapidly
converts to 2212 or acts as a template for growth of the
2212 phase. Not all of the 2201 can convert into the 2212
phase due to the separation of CaO in the melt and the
initial crystallization of the alkaline-earth cuprates. The
remaining liquid is Bi-rich from which it is impossible
to form only the 2212 phase.
Further evidence for the conversion of 2212 from
2201 can be found in an earlier study of glass crystalliza-
tion.13 In this study, glassy material with an overall com-
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FIG. 6. Backscattered electron micrographs showing the microstructure of samples solidified in (a,b) Ar and (c, d) 1% O2. For identification,
the phases and structures are identified as (A) 2212, (B) 2201, (C) 23x, (D) alkaline-earth cuprate, (El) divorced eutectic structure of 22x
and Cu2O/CuO, and (E2) divorced eutectic structure of 23x and Cu2O/CuO.
position of E^S^Ca! 2Cu2Oj, was found to crystallize
in a two-step process in oxygen. The first phases to
crystallize around 490 °C were 2201 and Cu2O followed
by the crystallization of the 23x phase, SrO, and CaO
around 520 °C. The 2201 phase was found to convert
into 2212 upon heating above approximately 650 °C.
The formation of the 2212 phase from 2201 was found to
be diffusion limited at temperatures below approximately
700 °C. Extended anneals at 650 °C produced samples
in which the number of intergrowths found within the
2212 phase were very similar to that shown in Fig. 8(b).
These similar microstructures suggest that the same for-
mation process of the 2212 phase occurs during crystal-
lization from the glass and from the melt. The presence
of liquid phases during solidification allows for enhanced
diffusion, and the formation process of 2212 from 2201
occurs much more rapidly.
E. Recovery of the superconducting properties
All of the samples examined above needed to be
annealed after solidification in order to improve the
superconducting properties. For example, Fig. 9 shows
magnetization curves for a sample solidified in O2 and
O2-annealed samples that were initially solidified in Ar
and O2, respectively. The sample solidified in Ar was
not superconducting and was shown by resistivity mea-
surements to be semiconducting. The sample solidified
in O2 had a very broad transition starting at 85 K. After
the anneal in O2, the transitions sharpened considerably.
The onset of the diamagnetic signal was 90 K in both
cases. The difference in signals was due to the amount
of material used for the measurements. The phases
identified by EDS analysis in the annealed samples
are listed in Table II. Fewer phases were found in the
samples solidified in Ar and annealed in O2 although
not all of these phases are part of the equilibrium phase
assemblage when compared with the phases present in
the starting material. The relative size and morphology
of the alkaline-earth cuprates and 24* that were present
after solidification in 100% oxygen were unchanged
after the anneal in oxygen, indicating that they are
relatively stable. None of the phases associated with
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FIG. 6. (continued). (e,f) 20% O2 and (g,h) 100% O2.
divorced eutectic structures were present after the anneal
in oxygen. The sample solidified in Ar and annealed
in oxygen was found to contain alkaline-earth cuprates
and 24x. It is important to note that the alkaline-earth
cuprates were not present in either the starting material
that was annealed in Ar or the sample solidified in
Ar. Apparently, the heating rate during the subsequent
anneal in oxygen was too fast to allow the sample
to equilibrate with the oxygen overpressure. This led
to an uncontrolled melting of the divorced eutectic
structure around 750 °C, leading to the formation of the
alkaline-earth cuprates and 24.x;. The formation of the
alkaline-earth cuprates was aided by the presence of CaO
particles that act as nucleation sites for the growth of
these phases.22
- ti
• \ . . . ^
(h)
pressure, provided elemental losses are minimal. Shown
in Fig. 10 is a set of five sequential DTA scans on
an O2-annealed 2212 sample starting in O2, then Ar,
and finally back to O2. Heating and cooling rates were
held at 10 °C/min. The maximum temperature used in
this series of scans was 925 °C in order to minimize
any reactions with the DTA crucible. Using this lower
temperature resulted in some changes in the shape of the
DTA curves compared with Fig. 5; however, the same
qualitative features are still present. It is clearly seen that
the melting point lowers from approximately 880 °C in
O2 to 750 °C in Ar and then back to 875 °C in O2. The
final scan in O2 shows no signs of the phases that melt
around 750 °C in Ar, indicating that the initial phases
have been recovered.
F. Reversibility of phase formation in Ar and O2
Since the phases that form during solidification in Ar
were also present in samples solidified in 1% and 20%
O2, phase formation in O2 or Ar should be reversible
and the amount and types of each phase that form should
be controllable with a suitable choice of oxygen partial
IV. DISCUSSION
Understanding the sequence of events and the kinet-
ics of phase formation during solidification from the melt
is necessary in order to develop reliable melt-processing
techniques for fabrication of these superconductors into
practical conductors. The melt-processing steps used in
J. Mater. Res., Vol. 8, No. 9, Sep 1993 2157
T.G. Holesinger ef al.: Solidification of and Bi2Sri.75Cao.25CuOy
"'•'#•
FIG. 7. Secondary electron image of an alkaline-earth cuprate phase
containing embedded CaO particles.
this study have not been optimized as evidenced by all
the secondary phases found in annealed samples that
were initially solidified in Ar or O2. However, the high
melting temperatures used in this study help to exag-
gerate certain aspects of the solidification process and
allow for easy identification of the crystallization events
and examination of problems, such as CaO separation,
associated with melt-processing.
Some very interesting aspects of the effects of
oxygen on the phase diagram can be found in the DTA
results and microstructures of the solidified samples.
The presence of only 2201 in the divorced eutectic
structures suggests that it is stable to lower oxygen
partial pressures than is 2212. Secondly, the presence of
2201 with 22* and 23* in the eutectic structures suggests
that at low oxygen partial pressures, eutectic valleys
separate the congruently melting 23* and 22* phases
from the incongruently melting 2201 and 2212 phases
causing a depression of the solidus to approximately
750 °C. The structure of this eutectic can be seen in
the DTA data of Fig. 5. The third exotherm associated
with the formation of the 23* and 22* phases increases
in intensity with decreasing oxygen partial pressures and
splits into two peaks for the samples cooled in Ar. The
first phase to solidify in the oxygen partial pressures
was the 1:1 phase whereas the first phase to solidify
in Ar was 23*. This same reasoning can be applied to
the DTA data for the 2201 phase used in this study.
The exact partial pressure of O2 at which the eutectic
point exists between the incongruently melting 2201 and
2212 phases, and the congruently melting 23* and 22*
phases cannot unfortunately be established from this
work due to the nonequilibrium conditions associated
with the solidification process used here. Finally, there
appears to be a eutectic valley separating the 22* and
23* phases. While the primary crystallization phase was
22* for the nominal 2201 sample solidified in Ar, the
7>>' / A
(a)
(b)
FIG. 8. Micrographs showing (a) the layered microstructure of 2212
and 2201 in these solidified samples as seen by SEM and (b) the
individual and multiple intergrowths of the 2201 phase within 2212
grains observed by TEM.
fine divorced eutectic structure contained small amounts
of the 23* phase. Likewise, the primary crystallization
phase was 23* for the nominal 2212 sample solidified
in Ar while the fine eutectic structure contained small
amounts of the 22* phase.
Solidification of the 2212 sample in Ar resulted
in nearly the same phases as obtained by solid-state
annealing in Ar of the precursor. The small differences
are due to CaO separation in the melt. The fact that
the phases that solidify in Ar were also found in the
2158 J. Mater. Res., Vol. 8, No. 9, Sep 1993
T. G. Holesinger et al.: Solidification of Bi2Sr2CaCu20), and Bi2Sr1.75Caa25Cu0),
-1 1
20 40 60 80
Temperature (K)
100
FIG. 9. Magnetization curves from samples (a) solidified in O2 and
annealed samples solidified in (b) Ar and (c) O2. Samples were cooled
in zero-field, and flux exclusion was measured on warming in a
0.5 Oe field.
sample solidified in various partial pressures of oxygen
can be attributed to the oxygen inhomogeneities that
exist in the samples due to the rapid solidification rate
o
V
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FIG. 10. Sequential DTA scans of a nominal 2212 sample in oxygen,
argon, and finally oxygen showing the reversibility of phase formation
in O2 and Ar.
of 10 °C/min. Hence, some parts of the sample will be
oxygen deficient and rapid cooling below the eutectic
temperature 750 °C results in the formation of 23x, 22x,
CuO/Cu2O, and/or 2201. The 23* and 22JC phases found
in the divorced eutectic structures are not stable when
annealed below the melting point of 2212 in oxygen, and
they subsequently combine with the Cu2O/CuO present
to form 2212 and 2201, respectively.
There are several factors associated with melt-
processing that make it difficult to reach the equilibrium
phase assemblage during subsequent anneals below the
melting point of 2212. The primary crystallization
field for the 2212 composition is CaO plus liquid
with the liquidus existing above 1075 °C.21 The CaO
particles tend to float to the top of the melt due
to their lower density compared to the liquid. The
alkaline-earth cuprates and, in the case of pure oxygen,
Bi2Sr4_xCax0>, (24*), are the next phases that form
on further cooling. All of these phases were found to
be relatively stable due to their large size and do not
easily disappear even with extended annealing below the
peritectic involving 2212. The amount of the alkaline-
earth cuprates may be exaggerated by the presence of
CaO. The CaO particles that accumulate near the top
of the melt change the effective local stoichiometry
and seem to act as nucleation sites for the alkaline-
earth cuprates both on cooling and during subsequent
anneals.22 The separation of CaO certainly poses a
problem for melt-processing of wires or large bulk forms.
This problem may be minimized somewhat with a lower
melting temperature than the one used in this study. The
formation of CaO and the alkaline-earth cuprates during
the first part of solidification of the 2212 sample leaves
behind a Bi-rich liquid from which it is impossible to
form only the 2212 phase. Hence, a large amount of
2201 is also present after cooling. The macroscopic
separation of phases during solidification of the 2212
samples also makes it difficult for subsequent anneals to
produce a single phase superconductor even during very
long anneals. In contrast, very little separation of CaO
occurs during melting of the 2201 sample in either O2 or
Ar. Aside from the divorced eutectic structure resulting
from oxygen deficiencies in the melt, only a few, small
CaO particles were found with the 2201 phase in the
Bi2SrL75Ca0.25CuO>, sample solidified in O2.
There are a couple of steps that can be taken to
minimize the problems discussed above. First, as noted
in a previous work, the CaO segregation problem may
be minimized by starting with an overall composition
of Bi2.i5Sr2Cao.85Cu20J.22 Second, the temperature at
which the samples are melt-processed can be lowered.
Third, samples could be melt processed and cooled
in reduced oxygen partial pressures to maximize the
amount of the "oxygen deficient" phases and minimize
the amounts of the alkaline-earth cuprates. The alkaline-
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earth cuprates do not form at all during solidification
in Ar. With careful controls on the subsequent anneals
in oxygen, the melting of the "oxygen-deficient" phases
around 750 °C should allow for enhanced formation
of 2212 phase while minimizing the formation of the
alkaline-earth cuprates. This procedure would be very
similar to the melt-casting technique that is reported to
result in nearly single-phase 2212 material.24
There are several groups who argue that 2212 solid-
ifies directly from the melt.6"8-10 Based on the results
presented here and in a previous glass crystallization
study,13 this does not seem to be the case. Rather,
the 2212 phase forms via an intermediate state involv-
ing the 2201 phase. It was found that the tempera-
tures of the DTA events associated with the formation
of the 2201 and/or 2212 phases during solidification
in oxygen were the same for the B^SrusCao^CuOj,
and Bi2Sr2CaCu20), samples. Secondly, the formation
process of 2212 via 2201 is consistent with the observed
microstructure of the 2212 and 2201 phases in SEM
micrographs and the number of intergrowths of the
2201 found within the 2212 phase. It is also consistent
with the reported formation of 2212 from the glassy
state via an intermediate state involving 2201.13 The
difficulties associated with determining the formation
process from the molten state can be attributed to the
presence of liquid phases during solidification which
greatly aid in diffusion of the material needed to form
2212 from 2201. The 2212 phase is the stable phase for a
nominal 2212 stoichiometry and the conversion process
of 2201 into 2212 would go to completion if not for
the preferential removal of material from the melt by the
formation of CaO and the alkaline-earth cuprates. The
2212 formation process would be difficult to observe
by high-temperature x-ray or neutron diffraction since it
proceeds so quickly at these elevated temperatures.7'8'10
In quenching studies, this conversion process would not
be observed since samples are generally equilibrated at
specific temperatures before quenching.6
V. SUMMARY
A study of the solidification processes for the
Bi2Sr2CaCu20), (2212) and Bi2Sri.75Cao.25CuOy (2201)
compositions was undertaken to determine the crys-
tallization processes for each of these compositions
as a function of oxygen partial pressure. In either
case, the superconducting phases were generally not
observed to form during solidification in an inert
atmosphere. Solidification in argon resulted in divorced
eutectic structures consisting of Bi2Sr3_^Ca^O>, (23x)
and Cu2O or Bi2Sr2_;cCa;cO>, (22JC) and Cu2O for the
Bi2Sr2CaCu20y and BizSrusCao^sCuOy compositions,
respectively. Solidification of the 2212 composition
in partial pressures of oxygen resulted in multiphase
samples consisting of 2212, 2201, some alkaline-earth
cuprates, and the divorced eutectic structures. For both
compositions, the solidus is lowered to approximately
750 °C during solidification for all oxygen partial
pressures used in this work. The lowering of the solidus
and the presence of the divorced eutectic structures
can be explained by the oxygen deficiencies present in
the melt regardless of the overpressure of oxygen. The
formation process of the 2212 phase during solidification
from the melt was found to proceed by an intermediate
state involving the 2201 phase.
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